The photosynthesis in evergreen trees living in Mediterranean ecosystems is subjected to multiple climatic stresses due to water shortage and high temperatures during the summer and to low temperatures during the winter. Mediterranean perennials deploy different photoprotective mechanisms to prevent damage to the photosynthetic system. Wax accumulation in leaves is a primary response which by enhancing light scattering in the leaf surface reduces incident radiation in the mesophyll. The existence of high variability in wax accumulation levels between coexisting individuals of a species has a visual effect on colour that provides distinguishable green and glaucous phenotypes. We explored this variability in a Mediterranean evergreen tree Juniperus thurifera (L.) to evaluate the impact of epicuticular wax on optical and ecophysiological properties and on the abundance of photoprotective pigments throughout an annual cycle. Because of light attenuation by waxes, we expected that glaucous phenotypes would lower the need for photoprotective pigments. We evaluated the effect of phenotype and season on reflectance, defoliation levels, photochemical efficiency and photoprotective pigment contents in 20 green and 20 glaucous junipers. Contrary to our expectations, the results showed that glaucous trees suffered from a diminution in photochemical efficiency, but there was no reduction in photoprotective pigments. Differences between glaucous and green phenotypes were greater in winter, which is the most stressful season for this species. Glaucous individuals also showed the highest levels of leaf defoliation. The lower photochemical efficiency of glaucous trees, together with higher defoliation rates and equal or greater number of physiological photoprotective mechanisms, suggests that in spite of wax accumulation, glaucous trees suffer from more severe stress than green ones. This result suggests that changes in colouration in Mediterranean evergreens may be a decline indicator.
Introduction
The photosynthetic capacity of evergreen plants living in Mediterranean ecosystems is subjected to two distinct stress periods: summer, characterized by high temperatures together with water shortage, and winter, when low temperatures impose a restriction on all metabolic activities and increase the risk of tissue freezing (Oliveira and Peñuelas 2000) . In both situations, plants adjust and regulate the utilization of light to prevent damage, which may occur whenever the light energy absorbed surpasses the amount that can be used. This energy excess must be dissipated to avoid the over-excitation of the photosynthetic apparatus, which may lead to the production of harmful reactive oxygen species (ROS), causing photodynamic bleaching and the perturbation of cellular metabolism (Foyer et al. 1994) .
Plants employ multiple photoprotective mechanisms that operate sequentially and in coordination. These strategies include the avoidance of light capture, the down-regulation of
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light energy conversion efficiency, mainly through the operation of the so-called xanthophyll cycle (VAZ) (Müller et al. 2001) , and the activation of enzymatic and non-enzymatic mechanisms that detoxify ROS directly (Mittler 2002) . The first mechanism, the avoidance of light capture, is based on structural and morphological modifications that include changes in leaf orientation or the accumulation of reflective structures, such as hairs (Morales et al. 2002) , anthocyanins (Gould 2004) or epicuticular waxes (Sheperd and Griffiths 2006) . These modifications change the properties of the leaf surface, affecting the photosynthetic capacity at leaf level and consequently the entire carbon gain of the individual (Smith and Hughes 2009 ).
The accumulation of epicuticular waxes is a common response to water stress (Oliveira et al. 2003) , which influences gas exchange and interactions with microorganisms Riederer 2005, Brewer and Nuñez 2007) . Besides, functions such as photoprotection could also be relevant, since wax surfaces are highly reflective (Holmes and Keiller 2002) , limiting the penetration of ultraviolet light and photosynthetically active radiation (Agrawal et al. 2009 ). The wax layer on the leaves reduces the light interception of the upper canopy, and allows more light to penetrate into the lower canopy layers (Cescatti and Niinemets 2004) . Light scattering by foliar wax usually generates a bluish colour on leaf surfaces (Lee 2007) , typically referred to as glaucousness. Species exhibiting phenotypes with differing degrees of glaucousness are excellent models for the study of the functional meaning of such character (Robinson and Osmond 1994) . Spanish juniper (Juniperus thurifera L.) is a Mediterranean conifer that exhibits a gradient in epicuticular wax content, leading to glaucous and greenish phenotypes that coexist in natural populations. We hypothesized that lower light interception by chlorophylls of the glaucous phenotype might be beneficial (acting as a photoprotective mechanism) under excessive light conditions, although it might become a disadvantage (decrease in photosynthetic rates) under low light conditions, as it reduces the light reaching the mesophyll. Thus, we hypothesize that the accumulation of wax in glaucous individuals will reduce incident light, improving their photoprotective capacity. Specifically, we aimed to (i) compare the photoprotective responses of glaucous versus green phenotypes during the course of 1 year and (ii) evaluate whether glaucous individuals are more protected against light excess.
Materials and methods

Study species and study area
Juniperus thurifera (Cupressaceae) is a dioecious long-lived tree, endemic to the Western Mediterranean basin. Its largest populations grow on the central plains of Spain and Morocco under a Mediterranean continental climate. Secondary growth is constrained by winter and summer conditions (Camarero et al. 2010 , Olano et al. 2013 , with photosynthesis and carbohydrate accumulation occurring all year round (DeSoto 2010, Gimeno et al. 2012) .
Sampling was performed in Sierra de Cabrejas (41°46′N, 02°49′W; 1100-1300 m above sea level, Central Spain). The study site is characterized by a Mediterranean continental climate with an average annual precipitation of 556 mm and an annual mean temperature of 10.4 °C. The frost period starts in September and ends in May and the summer drought typically occurs from July to August. The parent rock is Cretaceous limestone, and the soils are calcium rich and shallow. Juniperus thurifera forms open woodland, mixed with some pines (Pinus sylvestris L. and Pinus pinaster Ait.), holm oak (Quercus ilex L.) and a variety of evergreen sclerophyllous shrubs (Olano et al. 2008) . Wax accumulation in leaves leads to differential phenotypes ( Figure 1 ) that can be classified visually as glaucous (with high wax content) or green (with low or no wax content) individuals.
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Sampling design
Forty individual trees were classified according to their colour phenotypes in 2006. The same 40 trees were evaluated again in 2010, in order to verify the long-term stability of tree colour. To evaluate the effect of colour on photoprotective responses, 25 trees (13 glaucous and 12 green) were randomly selected and monitored during the course of a year (winter, January 2006; spring, May 2006; summer, August 2006 ) from the total of 40. In order to characterize the seasonal changes on photoprotective mechanisms, in every sampling date, 20-mm long, south facing branches from each tree (3-5 years old) were cut carefully with scissors. Water loss following branch excision was prevented by rapidly placing the plant material in hermetic plastic bags with a high percentage of humidity atmosphere. This atmosphere was maintained with wet cotton. Samples were transported under darkness to the laboratory, where reflectance, fluorescence and analytical measurements were performed after 12 h of dark incubation at room temperature, to allow the recovery from winter photoinhibition and to provide fully comparable conditions (García-Plazaola et al. 2000) . Following incubation, leaf samples were immediately frozen in liquid nitrogen and stored at −80 °C until biochemical analyses were made. Additionally, the defoliation level of each tree was classified in the field in summer 2006 and winter 2010, according to the standardized method to evaluate crown transparency (EC regulation 1696/87) by the same three independent observers. The final defoliation level was obtained as an average. Finally, to better understand the photochemical changes occurring in J. thurifera leaves, the same 40 plants, 20 of each phenotype, were sampled in January 2011 for measurements of fast chlorophyll a fluorescence transients (OJIP)
Laboratory measurements
Leaf reflectance In order to evaluate whether glaucousness was associated with the presence of epicuticular wax and to characterize the colour in a quantitative manner, two different parameters were measured in the 25 monitored trees, the total leaf reflectance and the leaf reflectance due to waxes, for over a year. Leaf reflectance, namely the proportion of incident light that is reflected from the leaf, was measured with a spectroradiometer (UNISPEC ™ , FieldSpec UV/NIR Portable Spectral System, PP Systems, Amesbury, MA, USA) with the optic fibre, leaf-clip holder and reference provided by the manufacturer. Reflectance was measured at 3.3-nm intervals over a range from 425 to 725 nm. Illumination was provided by a halogen light source supplied with an integral 7.0 W halogen lamp. Reflectance was measured before and after removing epicuticular waxes by dipping the leaves in chloroform as described in Holmes and Keiller (2002) . Reflectance due to waxes was estimated as the difference between both measurements. Two replicates per branch and per tree were performed.
Fluorescence measurements Chlorophyll a fluorescence was measured in the laboratory using a portable modulated fluorimeter (OS 5-FL, Optisciences, Tyngsboro, MA, USA). Initial (F o ) and maximal fluorescence (F m ) were measured in darkadapted leaves with a saturating pulse of 0.8 s. Variable fluorescence (F v ) was calculated as F m -F o . The maximal photochemical efficiency of Photosystem II (PSII) was estimated by the ratio F v /F m = (F m − F o )/F m according to Genty et al. (1989) . This measurement provides a relative measure of the maximum quantum yield of PSII primary photochemistry (Björkman and Demmig 1987, Baker 2008) , which is assessed by using two points in the chlorophyll a fluorescence rise kinetics. In order to complete this information and to denote the flow of energy through PSII, which is a highly sensitive signature of photosynthesis (Papageorgiou et al. 2007 ), measurements of OJIP were made in randomly selected branches from 40 Juniperus trees, 20 of each phenotype, in 2011 with a FluorPen FP 100 (Photon System Instrument, Brno, Czech Republic). Prior to measurement, leaves were dark adapted for a minimum of 20 min to allow the complete relaxation or oxidation of reaction centres in order to determine F o . Then, chlorophyll fluorescence transients were induced by a saturating light of 3000 µmol photons m −2 s −1 , and fluorescence was recorded during 2 s at frequencies of 10 µs, 100 µs, 1 ms and 10 ms for the time intervals of 10-600 µs, 0.6-14 ms, 14-100 ms and 0.1-2 s, respectively. The fluorescence values at 40 µs (F o , Step 0), 100 µs (F100), 300 µs (F300), 2 ms (Step J), 30 ms (Step I) and maximal (F m , Step P) were taken into consideration. The cardinal points of the OJIP curve and derived parameters were calculated with Fluorpen 2.0 software, based on formulas derived from Strasser et al. (2000 Strasser et al. ( , 2004 . The derived parameter was V t , relative fluorescence at time t, defined as (
Pigment composition Photoprotective compounds were extracted with the electric tissue homogeniser Tearor 985370 (BioSpec, Bartlesville, OK, USA) with 1 ml of acetone (100%) and 0.5 g l −1 of CaCO 3 , in order to avoid acid traces that might change the pigment composition. Samples were centrifuged at 13,200 rpm for 20 min at 4 °C and syringe-filtered through a 0.22 µm PTFE filter (Whatman, Maidstone, UK). Photoprotective compounds extraction and chromatographic analyses were performed using a reverse-phase Waters (Milford, MA, USA) highperformance liquid chromatography system following the protocol developed by Becerril (1999, 2001) , which allows the simultaneous determination of carotenoids and tocopherols and good resolution for zeaxanthin and lutein (L). Extracts were injected (15 µl) and measured with a diode array detector (Waters model 996). The autosampler (Waters model 717plus) was equipped with a thermostat that maintains the temperature constant at 4 °C during analysis, avoiding the degradation or alteration of photoprotective compounds. Retention times and conversion factors for carotenoids and chlorophylls were the same as those described by Becerril (1999, 2001) . Tocopherols were detected with a fluorescence detector (Waters model 474) set to λ exc = 295 nm and λ em = 340 nm and calibrated with tocopherol standards (Calbiochem, San Diego, CA, USA). Four parameters, indicative of acclimation and photoprotective response, were studied: xanthophyll cycle pigments to chlorophylls ratio (VAZ/chl a + b), de-epoxidation index (AZ/VAZ), lutein to chlorophylls ratio (L/chl a + b) and total tocopherols to chlorophylls ratio (Total Toc/chl a + b)
Statistical analysis
We used repeated-measures analysis of variance (R-ANOVA) (Moser et al. 1989 ) to evaluate differences in reflectance attributable to wax, by comparing untreated leaves and leaves after removing wax, including the effect of plant phenotype (glaucous or green) as a between-subject factor and sampling date (winter, spring and summer) and the interaction of sampling date with plant phenotype as a within-subject factor. R-ANOVA was also used to evaluate differences in F v /F m and in different photoprotective pigments. The defoliation level and reflectance were added for each sampling date as covariates. We performed an ANOVA to evaluate whether green and glaucous phenotypes differed in their defoliation level. All analyses were performed in an R environment (R Development Core Team 2011).
Results
The colour phenotype was remarkably stable between 2006 and 2010 (Figure 1 ). Only three out of 40 individuals (7.5%) classified as glaucous or green in 2006 could not be unambiguously attributed to the same group in 2010. However, none of the trees was misclassified (Figure 1 ). Leaf reflectance was higher in glaucous than in green individuals (Figure 2 ; Table 1 ). Differences in reflectance levels were due to the contribution of wax to the total leaf reflectance, since no difference between both groups was found following wax removal (Table  1) . Leaf reflectance exhibited a strong seasonal pattern reaching a maximum in spring (Figure 2 ; Table 1 ). The highest differences between phenotypes occurred in winter and spring. The seasonal pattern in wax-related reflectance departed from the total reflectance pattern and differed between phenotypes. Wax-related reflectance increased sharply from winter to summer in green trees, but exhibited smaller intra-annual differences in glaucous trees (Figure 2) .
Green phenotypes had higher photochemical efficiency than glaucous ones (Figure 3d ). This difference was unrelated to reflectance level, defoliation or colour by season interaction (Table 2) , and was higher in winter, when F v /F m was more reduced for both phenotypes ( Table 2 ). The content of photoprotective pigments (VAZ/chl a + b; AZ/VAZ; L/chl a + b and Total Toc/chl a + b) did not differ between either phenotypes, but showed strong seasonal variations with higher values occurring in winter and lower contents in spring and summer when the photoprotective demand decreased (Figure 3) .
We analysed the fluorescence rise curves according to the OJIP test. Each transient, plotted on a logarithmic time scale, is the average of the fluorescence transient from 20 individuals, 10 for each phenotype. The OJIP test revealed seasonal differences (Figure 4 ) with higher values in winter samples for the J and I steps (at 2 and 30 ms, respectively) than for spring ones, indicating a congested electron transport chain and a decrease in photochemical efficiency in accordance with the F v /F m results. No differences were found among phenotypes.
The percentage of defoliation was higher for glaucous phenotypes than for green ones (n = 25, F = 10.48, P = 0.004) ( Figure 5 ). Furthermore, this difference was maintained over a period of time, from 2006 to 2010.
Discussion
In spite of the reduction in incident light due to wax accumulation, glaucous junipers did not exhibit lower concentration of 270 Esteban et al. Table 1 . Results of R-ANOVA for leaf reflectance, with waxes, without waxes and reflectance due to waxes. Plant colour (green, glaucous) is a between-subject factor and season a within-subject factor. Significant parameters are shown in bold.
Plant colour Season
Reflectance with waxes F = 22.6; P < 0.001 F = 15.9; P < 0.001
Reflectance without waxes F = 6.73; P = 0.42 F = 67.8; P < 0.001
Reflectance due to waxes F = 20.9; P < 0.001 F = 10.5; P < 0.001 photoprotective pigments. In fact, glaucous junipers exhibited higher defoliation levels and lower photochemical efficiency than greenish trees. These results, similar to previous studies that evidence decline symptoms associated with the presence of anthocyanins in leaves (Nikiforou and Manetas 2010 , Esteban et al. 2008 , Zeliou et al. 2009 ), suggest that the significance of changes in leaf reflectance should be re-evaluated. In accordance with previous studies (Holmes and Keiller 2002, Close et al. 2007 ), the leaves of glaucous trees showed higher reflectance levels over the whole photosynthetically active radiation range (400-730 nm) than those of green ones (Figure 2) . This difference was related to the higher light scattering in the glaucous phenotype due to epicuticular wax. Interestingly, reflectance due to wax accumulation showed a strong seasonal pattern, with a peak in summer (Figure 2 ). Wax deposition is often a response to water stress (Samdur et al. 2003) , and this can occur rapidly within a few days after the onset of stress. However, the biggest difference in waxrelated reflectance between glaucous and green trees occurred in winter and was associated with differential wax disappearance between both phenotypes.
In Mediterranean continental climates, low winter temperatures represent an additional stress for plants (García-Plazaola et al. 2003 . Under these conditions, photosynthetic activity is reduced, enhancing the damaging effects of high irradiance in evergreens (Corcuera et al. 2005) , potentially leading to a sustained winter photoinhibition (Martinez-Ferri et al. 2004) . In fact, our results indicate that winter was the most stressful season for J. thurifera (Figure 3 ). During this period, both phenotypes suffered from a higher accumulation of reduced plastoquinones in the photosynthetic transport chain, as revealed by higher values at the J and I points of the fluorescence transient kinetic curve (OJIP test, Figure 4) . Indeed, all trees experienced an increased demand for additional photoprotective mechanisms as shown by the higher contents of the xanthophyll cycle pigments, lutein and tocopherols, as well as the higher deepoxidation state of the xanthophyll cycle (Figure 3) . The up-regulation of all these lipophilic antioxidants is essential for Glaucousness as a decline indicator 271 maintaining thylakoid functionality under unfavourable conditions. In particular, zeaxanthin plays a dual role both as a free antioxidant and as a modulator of the dissipation of the energy excess absorbed by chlorophyll (Havaux et al. 2007 ). Enhancement of carotenoids and tocopherols in more stressful periods could be important to fight against damage, due to the role of carotenoids as antioxidants, such as zeaxanthin (Havaux et al. 2007 ). However, this period does not seem to be so stressful for J. thurifera as for other Mediterranean evergreens, as shown by the lower level of photoinhibition when F v /F m is compared with other Mediterranean species growing under comparable ecological conditions ). The positive carbon balance during winter (Gimeno et al. 2012) leads to the increase in carbohydrate levels in stems (DeSoto 2010), as has been reported in other evergreen species in Mediterranean environments (Körner 2003) . In fact, conditions during the winter months have a great impact on next season's secondary growth (Rozas et al. 2009 , DeSoto et al. 2012 ) and xylem anatomy (Olano et al. 2013) ; thus, photoprotective mechanisms would allow trees to overcome stressful periods. The lower photochemical efficiency of glaucous trees, together with the higher activation of physiological photoprotective mechanisms, suggests that in spite of wax accumulation, glaucous trees suffered from more severe stress than green ones, although future studies should focus on evaluating changes in photosynthetic activity. In a similar way, green phenotypes in the Mediterranean shrub Cistus creticus L. were more tolerant to winter photoinhibition than red ones (Zeliou et al. 2009 ). In this case, leaf redness, due to anthocyanin accumulation, may be considered to be an indicator of high photoinhibitory risk and physiological weakness (Nikiforou and Manetas 2010) . However, it cannot implicate photosynthetic limitation as the cause of winter reddening, because there is still a debate concerning the physiological function of anthocyanin accumulation during stress periods (Hughes 2011) . Our results showed that glaucous trees were significantly more defoliated than green ones (Figure 5 ), suggesting that wax accumulation might be considered to be a decline indicator. Redness in C. creticus and glaucousness in J. thurifera might represent two examples of a process of emergency activation of additional protective mechanisms, which only occur in weakened individuals. Interestingly, both processes lead to a remarkable change in the reflectance of visible light, which can be measured easily via remote-sensing techniques, providing a valuable and accurate assessment of the ecosystems' health. 2007 -62637, BFU 2010 and from the University of the Basque Country/Basque Government (UPV/EHU-GV IT-624-13).
